The Gaussian beam method of •erven9 et al. (1982) is an asymptotic method for the computation of wave fields in inhomogeneous media. The method consists of tracing rays and then solving the wave equation in "ray-centered coordinates." The parabolic approximation is applied to find the asymptotic local solution in the neighborhod of each ray. The approximate global solution for a given source is then constructed by a superposition of Gaussian beams along nearby rays. The Gaussian beam method is tested in a two-dimensional inhomogeneous medium using two approaches. One is the application of the reciprocal theorem for Green's functions in an arbitrarily heterogeneous medium. The discrepancy between synthetic seismograms for reciprocal cases is considered as a measure of the error. The other approach is to apply Gaussian beam synthesis to cases for which solutions are known by other approximate methods. This includes the soft basin problem that has been studied by finite difference, finite element, discrete wavenumber, and glorified optics. We found that the results of these tests were in general satisfactory. We have used the Gaussian beam method for two applications. First, the method is used to study volcanic earthquakes at Mount Saint Helens. The observed large differences in amplitude and arrival time between a station inside the crater and stations on the flanks can be explained by the combined effects of an anomalous velocity structure and a shallow focal depth. The method is also applied to scattering of teleseismic P waves by a lithosphere with randomly fluctuating velocities.
INTRODUCTION
In this paper we will discuss applications of the Gaussian Spline interpolation of the velocity may introduce some oscillation in the interpolated function depending on the input grid values [Azbel et al., 1980] . Care must be taken to check the interpolated function and to have the grid velocities change slowly. Several methods can be used to avoid the oscillations in the interpolating function. The first is to use smoothed splines as described by Pretlova [1976] . A second approach is to use splines under tension [see Cline, 1981] . For the remainder of this paper, careful use is made of simple bicubic spline interpolation by comparing the desired and interpolated functions.
The first step of the Gaussian beam method is to solve the kinematic ray tracing system. The rays are extremal of Fermat's integral and are determined by solving the ray equa- 
p(So) = Po where x is the location along the ray and p is the slowness vector tangent to the ray. In an elastic medium, the velocity v is either • or •. This system can be solved by standard numerical techniques such as the Runge-Kutta method. At an interface, Snell's law is applied locally. These ray equations are appropriate for isotropic nondispersive media. In isotropic dispersive media, wave packets will travel at the group velocity, but their trajectories will be determined by the local phase velocity. The second step of the Gaussian beam method involves solving the wave equation locally in ray-centered coordinates using the parabolic approximation. The ray-centered coordinate system is an orthogonal curvilinear system that follows along a particular ray and was introduced to seismology by P•en•ik [1976, 1978] . In a two-dimensional medium, the ray-centered coordinates can be specified by the unit vector t tangent to the ray and the unit vector n normal to the ray (see Figure 1 ). An element of infinitesimal length in the ray-centered coordinates can be written Idrl 2--hi 2 ds 2 q-h2 2 dn 2 The parabolic equations (5) and (7) are valid for small-angle forward scattering about the central ray direction assuming large-scale inhomogeneities with respect to the wavelength. In addition, the validity of the above approximation requires that the velocities be smoothly varying within a certain beam width of the central ray. Since, as will be seen, the beam solutions to (5) or (7) spread with distance, this will result in a range limitation for the Gaussian beam method.
A particular solution to the parabolic equation (5) 
where, geometrically, LM is the beam width at a specific location along the beam known as the beam waist and So is a parameter that shifts the location of the beam waist away from the source location, So, along the ray. (•erven35 et al. [1982] showed that conditions (a) and (b) above are both satisfied when LM -• 0. This result depends on the fact that the determinant of the fundamental matrix above is a nonzero constant along the ray and therefore qx(s) and q2(s) cannot simultaneously be zero for a given s. Thus the method is constructed to ensure no singularities in amplitude. where A6 must be chosen small enough to smoothly interpolate the beam solutions and to adequately sample the medium.
The weight factors (I)(6) for a given source must then be Using ray theory, a phase advance of n/2 must be introduced at each caustic. This is done using the KMAH index, which counts the number of caustics crossed by a given ray. These preliminary results indicate that when using the Gaussian beam method in a heterogeneous medium, the critical beam width be smaller than the heterogeneity scale. This is more restrictive than simply small wavelength with respect to heterogeneity scale, and is related to the approximation made in the final term in (5) or (7). This restriction is similar to that given for geometric optics by Kravtsov and Orlov [1980] in which the medium and wave parameters must be slowly varying over the first Fresnel zone. [Hayakawa, 1957] . In all these cases the internal structure of a volcano is depicted as a high-velocity central body with a P velocity of about 4 km/s covered by lower-velocity surficial layers.
Using a complex q'(s), the phase of q•(s) automatically changes by • between zero crossings of Re [q•(s)]. Thus as long as the phase of qr(s) is kept continuous
It was first thought that the observed high amplitude and early arrival time could be explained by locating the earthquake foci at the bottom of the hypothesized high-velocity column. Figure 20 shows the ray diagram for a focus located 3.5 km below the summit. The high-velocity column tends to cause energy to diverge from the summit. Vertical component Gaussian beam seismograms for stations located across the volcano from 2.5 to 7.5 km along the surface are shown in Figure 21 Figure 27 , is for a source and receiver 300 km above and below the random velocity layer. In this geometry the rays for the reciprocal cases sample the same region of the random layer. There is a good agreement in wave shape between reciprocal cases. Also, the amplitudes agree within 5%. For this case the parameter So was specified to put the minimum beam width (beam waist)just before the ray entered the random layer, and Lo was specified as 12 kml/2.
In addition to reciprocity checks, the calculation was repeated using the finite difference solution of the 45 ø equation [Claerbout, 1976] . Figure 28 shows 
